We have recently cloned eotaxin, a highly efficacious eosinophilic chemokine involved in the development of lung eosinophilia during allergic inflammatory reactions. To understand more precisely how eotaxin facilitates the specific migration of eosinophils, we have studied which adhesion receptors are essential for eotaxin action both in vivo and in vitro. Experiments using mice genetically deficient in adhesion receptors demonstrated that molecules previously reported to be involved in both leukocyte tethering/rolling (P-selectin and E-selectin) and in sticking/ transmigration (ICAM-1 and VCAM-1) are required for eotaxin action in vivo. To further elucidate the mechanism(s) involved in this process, we have used an in vitro transendothelial chemotaxis model. mAb neutralization studies performed in this system suggest that the integrins Mac-1 (CD11b/18), VLA-4 (α 4 β 1 ) and LFA-1 (CD11a/18) are involved in the transendothelial chemotaxis of eosinophils to eotaxin. Accordingly, the expression of these integrins on eosinophils is elevated by direct action of this chemokine in a concentration-dependent manner. Taken together, our results suggest that eotaxin-induced eosinophil transendothelial migration in vivo and in vitro relies on Mac-1/ICAM-1 and VLA-4/VCAM-1 interactions, the latter ones becoming more relevant at later time points of the eotaxin-induced recruitment process.
Introduction
Eosinophil accumulation is a prominent feature of allergic inflammatory disorders. However, eosinophils represent only a small percentage of circulating leukocytes, suggesting the existence of mechanisms for selective eosinophil recruitment in vivo. The mechanism(s) leading to the selective accumulation of eosinophils in allergic inflamed tissue are at present unclear. The recruitment of subpopulations of circulating leukocytes to the sites of inflammation has been proposed to be a complex process involving the coordinated action of various primary adhesion receptors that mediate tethering/rolling of leukocytes along the endothelial wall and factors are required to regulate the selective accumulation of eosinophils.
Recently, chemokines have been suggested to play an important role in the selective transmigration of leukocyte subsets (3) . Eotaxin is a chemokine which is able to mediate chemotaxis of peripheral blood eosinophils. This chemokine differs from most other chemokines because it is highly specific for eosinophils (4, 5) . Injection of eotaxin into guinea pig skin or into mouse peritoneum induces a profound selective eosinophilic infiltrate (4, 5) . The expression of eotaxin also parallels the accumulation of eosinophils in the lung during the course of a mouse model of lung allergic inflammation (5) . The importance of eotaxin in the development of lung eosinophilia has recently been demonstrated using selective anti-eotaxin mAb or eotaxin gene knockout mice (6, 7) . In view of the critical role of this chemokine, the precise adhesive mechanism(s) by which eotaxin induces a selective eosinophil migration become an important issue.
In the present study, we demonstrate, using both adhesion molecule-deficient mice and an in vitro transendothelial chemotactic migration model, that eotaxin modulates the surface expression/function of adhesion molecules to achieve selective eosinophil transendothelial migration. Mac-1/ICAM-1 interactions are dominant at early time points during eotaxininduced eosinophil recruitment, whereas VLA-4/VCAM-1 become predominant at later time points.
Methods

Reagents and mice
The mAb used for detection of surface adhesion molecules were purchased from PharMingen (San Diego, CA). For the blocking experiments, the following mAb were used: rat anti-LFA-1 mAb M17/4 (IgG2a) (8, 9) , rat anti-Mac-1 mAb M1/70 (IgG2b) (10) and anti-VLA-4 mAb PS/2 (IgG2b) (11) . Adhesion molecule-deficient mice used in this study were: P-selectin mutant mice purchased from the Jackson laboratory (Bar Harbor, ME), L-selectin mutant mice provided by Dr M. H. Siegelman (12) , and E-selectin mutant mice, ICAM-1 mutant mice (13) , VCAM-1-hypomorphic mutant mice (14) and mice deficient for both P-selectin and ICAM-1 or P-selectin and E-selectin (15) . Since VCAM-1-null mutant mice are embryonic lethal (16) , VCAM-1-hypomorphic mutant mice were used for these studies (14) . These mutant mice were generated by a targeted deletion in domain 4 of the VCAM-1 molecule (which eliminates one α 4 integrin binding site). Based on previous work, a very low affinity of this truncated protein to α 4 can be predicted (17) . The mutation resulted in 20-fold decrease of expression (hypomorphic ) of the domain 4-deficient (D4D) VCAM-1 gene, as found by Northern blot analysis and increased survival rates of one-third (not shown and (14)). Mice designated as wild-type in the results are littermates of these mutants that have a mixed genetic background 129svϫC57BL/6J.
Endothelial cell culture
The mouse endothelial cell line b-End-2 cells (18) was cultured in IMDM with 10% FCS. Cells (2ϫ 10 4 ) from well grown passage were seeded on transwell inserts (6.5 mm diameter polycarbonate membrane with 5 µm pores; Costar, Cambridge, MA) and cultured for a further 2 days. The media were added into the transwell inserts to prevent the formation of an endothelial bilayer (i.e. a monolayer both above and below the filter). After 2 days, the endothelial cell-coated wells were used for transendothelial migration assays described below.
Purification of eosinophils
For the in vitro studies, eosinophils were purified from the peritoneum of IL-5 transgenic mice as previously described (5) . Eosinophil purity was 92 Ϯ 2% based on Giemsa staining and viability was Ͼ95% based on Trypan blue exclusion for the experiments in this article except some experiments for Fig. 3 , where unpurified population cells were used as input for the chemotaxis assay.
Adherence assay
The ability of eotaxin to induce adhesiveness on the integrin ligands was determined as follows. Isolated eosinophils from IL-5 transgenic mouse were labeled with BCECF-AM at room temperature for 30 min and then preincubated with or without neutralized antibodies to VLA-4, Mac-1 or LFA-1 (10 µg/ml) for 20 min at 4°C. After that, the cells were incubated with or without eotaxin (500 ng/ml) for varying times at 37°C and subsequently subjected to adherence assay in 96-well plates pre-coated with a recombinant fragment of fibronectin (5 µg/ml), containing the CS1 binding site specific for VLA-4 (positive control), VCAM-1 (1.25 µg/ml), ICAM-1 (2.5 µg/ml) or BSA (5 µg/ml) (negative control) for 30 min at 4°C to reduce background binding. After incubation, the cells were gently washed with PBS and read by fluorescence intensity.
In vitro transendothelial migration assay
The migration of eosinophils to recombinant eotaxin through the endothelial cell layer was evaluated in duplicate as previously described (5) with the membrane coated with endothelial cells described as above. The endothelial cells in transwell inserts were washed once with sera-free medium and 2ϫ10 5 eosinophils in 0.1 ml sera-free medium were added. After 2 h incubation, the transwells were removed and the number of cells per well counted in the FACScan by passing each sample for a constant predetermined time period. Contaminating endothelial cells were gated out and a constant gate was assigned for the eosinophil population in the side/forward scatter window and used for every sample. In the blocking experiments, eosinophils were preincubated with anti-integrin antibodies or with control antibody at 37°C for 15 min before their addition to the transwell inserts.
Immunofluorescence and flow cytometry 
Intraperitoneal injection of eotaxin
The migration of eosinophils in vivo in response to eotaxin was determined by injection of recombinant murine eotaxin protein (1 µg/200 µl PBS per mouse; Peprotech, Rocky Hill, NJ) into the peritoneum of the different adhesion receptordeficient mice. Mice injected with the same volume of PBS were used as controls. Peritoneal exudates were collected at different time points as indicated or for 2 h (10 mice per group) or 6 h (five mice per group) after eotaxin administration. The number of eosinophils recovered was then determined as described below.
Quantitation of eosinophils in peritoneal exudates.
Peritoneal cells (5ϫ10 5 /slide) were applied to glass slides by cytocentrifugation, stained with Wright-Giemsa (Fisher Diagnostics, Pittsburgh, PA), rinsed with distilled water, air dried and mounted. The percentage of eosinophils was determined by counting their number in eight high-power fields (ϫ40 magnification; total area 0.5 mm 2 ) per area randomly selected and dividing this number by the total number of cells per high power field. To obtain the absolute number of infiltrating peritoneal eosinophils, these percentages were multiplied by the total number of cells recovered from the exudate of this organ.
Results
The accumulation of eosinophils in response to eotaxin is affected in mutant mice lacking adhesion molecules
To characterize the peritoneal accumulation of eosinophils in response to eotaxin, eosinophils were quantified in the peritoneal exudates of mice 0, 1, 2, 3 or 4 h after injection with different doses of eotaxin (Fig. 1) . Eotaxin-induced eosinophil accumulation happened in both a dose-and timedependent manner with maximum peritoneal eosinophilia occurring at 2 h for all doses ( Fig. 1) . At this time point 3, 1.5 and 0.5 µg/mouse eotaxin induced a 22-, 13-and 4-fold increase respectively in eosinophils compared to PBS-treated controls (Fig. 1) .
To study which adhesion molecules are essential during the selective accumulation of eosinophils mediated by eotaxin in vivo, we used a panel of mice that had been made genetically deficient in adhesion molecules. The deficient mice were injected i.p. with 1 µg/mouse of recombinant murine eotaxin. The eosinophil accumulation detected in the peritoneal cavity 2 h after eotaxin injection of wild-type mice was~1.5ϫ10 5 eosinophils and was considered 100%. The percentage of eosinophil accumulation in response to eotaxin in the different mutants are always referred to this 100% in the wild-type strain. At the same time point, similar numbers of eosinophils to the wild-type strain were found in the peritoneum of L-selectin-deficient and E-selectin-deficient mice in response to eotaxin (Fig. 2) . In contrast, eosinophil accumulation was markedly reduced (29.7 Ϯ 4.5% of wildtype) in P-selection-deficient mice 2 h after eotaxin administration when compared with wild-type mice (Fig. 2) . Injection of eotaxin in mice that were double mutants for P-selectin ϩ ICAM-1 and P-selectin ϩ E-selectin resulted in 14.0 Ϯ 2.1 and 26.9 Ϯ 7.8% of the peritoneal eosinophil accumulation observed in wild-type mice respectively (Fig. 2) . To evaluate whether leak of the expression of these adhesion receptors results in a delay in the eosinophil migration process to the peritoneum rather than impairment, the numbers of eosinophils were also determined in the peritoneum of these mutant mice 6 h after eotaxin administration. No differences were observed in peritoneal eosinophil recruitment between Lselectin-deficient mice and wild-type littermates 6 h after injection with eotaxin ( Fig. 2 ). Interestingly, P-selectin-deficient mice that showed a significant reduction in peritoneal eosinophilia 2 h after eotaxin administration were comparable to wildtype mice 6 h after eotaxin injection (Fig. 2) . This indicates that eotaxin-induced eosinophil accumulation in the peritoneum is only initially delayed in the P-selectin-deficient mice and that alternative mechanisms exist for eosinophil recruitment in the absence of P-selectin. Our data favors an important role for both ICAM-1 and P-selectin as the P-selectin ϩ ICAM-1 double-deficient mice had a 21.1 Ϯ 3.3% of the peritoneal accumulation of eosinophils observed in the wild-type mice at any time point analyzed (Fig. 2) . A similar phenomenon occurs in the P-selectin ϩ E-selectin double-deficient mice. Eotaxin-injected P-selectin ϩ E-selectin double-deficient mice exhibited only 10.2 Ϯ 2.4% of the eosinophil migration observed in wild-type mice 6 h after injection (Fig. 2 ). This correlates with the low range of eosinophil migration (25. Percentages of migration shown here are calculated as a percentage of total eosinophils detected in the peritoneum of wild-type mice 2 h after eotaxin injection which was considered to be 100%. The genotype of wild-type, single or double adhesion receptor-deficient mice is represented by black squares in the matrix. Differences between groups were tested for significance by the Mann-Whitney Wilcoxon test using Xlstat in Microsoft Excel 5.0. Isolated eosinophils (purity Ͼ 90%) were preincubated with eotaxin (500 ng/ml) (bars) or without (circles) for varying times at 37°C and subsequently subjected to adhesion assays in 96-well plates pre-coated with a recombinant fragment of fibronectin (5 µg/ml), containing the CS1 binding site specific for VLA-4,, VCAM-1 (1.25 µg/ml), ICAM-1 (2.5 µg/ml) or BSA (5 µg/ml) for 30 min at 4°C to reduce background binding. Previously, cells were labeled with BCECF-AM and preincubated without or with antibodies to VLA-4, Mac-1 or LFA-1 (10 µg/ml) for 20 min at 4°C. Data are mean Ϯ SEM of a representative experiment out of three, performed in triplicate.
2.6%) detected in the peritoneum of E-selectin-deficient mice at the same time point after eotaxin injection (Fig. 2) .
ICAM-1-deficient mice and VCAM-1-deficient mice exhibited 62.7 Ϯ 6.1 and 75 Ϯ 2.7% respectively of the peritoneal eosinophil accumulation observed in wild-type littermates 2 h after eotaxin injection (Fig. 2) . More interestingly, similar numbers of eosinophils were found in the peritoneum of both ICAM-1-deficient mice and wild-type littermates 6 h after eotaxin administration (Fig. 2) . In contrast, peritoneal eosinophilia was reduced by half in the VCAM-1-mutant littermates when compared with that observed in wild- type controls 6 h after eotaxin injection (Fig. 2) . This suggests that these two adhesion molecules could exert a differential contribution to this process; VCAM-1 being more critical at late stages (6 h) in the response to eotaxin.
Eotaxin induces selective eosinophil transendothelial migration in vitro
Transendothelial chemotaxis in vitro has been established as an in vitro model of leukocyte migration across postcapillary venules (19, 20) . This assay allows quantitative evaluation of the mechanisms by which eotaxin induces selective eosinophil migration, as well as to study its effects on adhesion molecules both on eosinophils and endothelial cells (19, 20) . Recombinant mouse eotaxin was able to induce significant eosinophil transendothelial migration in vitro, although the actual percentage of eosinophils that migrated to eotaxin was lower in the assay with an endothelial cell layer (Fig. 3,  I ) than in that performed without endothelial cells (Fig. 3, II) . The transendothelial migration of eosinophils responding to eotaxin occurred in a dose-dependent manner. Almost no eosinophil transendothelial migration was found in the absence of eotaxin (Fig. 3) . Eotaxin-induced transmigration was selective for eosinophils since in the migrated cell population almost 100% were eosinophils [which increased from 70% eosinophils in the input of an unpurified cell population; data not shown and (5)]. These data together with our previously reported results showing that in vivo eotaxin induced the recruitment of eosinophils to the peritoneum ( Fig. 1 ) (5) demonstrate that eotaxin alone can selectively induce migration of eosinophils across endothelial beds in vivo and in vitro.
Integrins are required for the transmigration of eosinophils in vitro Based on our results in vivo, we studied if the integrin ligands for ICAM-1 and VCAM-1, Mac-1, LFA-1 and VLA-4 participated in the transendothelial migration of eosinophils induced by eotaxin. Firstly, we determined if there is any effect of eotaxin on the functional activity of the integrins. We used the adherence assay as a tool to examine eotaxin action because adherence of eosinophils is an initial step for its transmigration. In these experiments, we found that eotaxin was able to increase the eosinophil adherence to ICAM-1 and VCAM-1 (Fig. 4) . This specific binding was abrogated by specific antibodies to CD11b or CD49d, but not by control antibodies. The eotaxin-induced eosinophil adherence to ICAM-1 is mostly attributable to CD11b (Mac-1) (Fig. 4) .
Secondly, the contribution of the integrins during the transmigration was examined with the chemotaxis. Chemotaxis assays were performed in the presence of neutralizing antibodies against these three molecules. As shown in Fig. 5 , mAb to CD11a (LFA-1), to CD11b (Mac-1) or to α 4 (VLA-4) alone can significantly inhibit eosinophil transendothelial migration induced by eotaxin to different extents. Blockade of CD11b (Mac-1) had a more marked effect than the other two [CD11a (LFA-1) and α 4 (VLA-4)] in inhibiting eosinophil transendothelial migration (up to 60-70% reduction). Blocking of LFA-1 in these experiments resulted in a much lower reduction than that after blocking of Mac-1 during eosinophil transendothelial migration (only 15% reduction; Fig. 5 ). These results demonstrated that eotaxin-induced eosinophil transendothelial migration relied more heavily on Mac-1 than on LFA-1 and VLA-4. β 1 and β 2 integrins belong to different integrin subfamilies and bind different ligands; however, the combination of neutralizing antibodies to these three molecules did not further significantly inhibit eosinophil transmigration (Fig. 5) . It is still possible that both β 1 and β 2 integrins, as well as other molecules such as CD31, are needed for optimal migration of eosinophils in vivo.
The expression of integrins is increased on eosinophils that transmigrate to eotaxin across endothelial cells
The effect of eotaxin on the expression of adhesion molecules both on eosinophil and endothelial cells during the process of transendothelial migration was evaluated using immunofluorescence and flow cytometry (21) . On eosinophils, among the adhesion molecules possibly involved in the transmigration process (Mac-1, LFA-1, VLA-4, VLA-5, CD44, CD31 and ICAM-1), only Mac-1, LFA-1 and VLA-4 were found to undergo significant changes in their surface expression levels on eotaxin-induced migratory eosinophils compared to the input cell population (Fig. 6 and data not shown). All adhesion molecules mentioned above were expressed on eosinophils (data not shown). The expression of ICAM-1 had minor changes that were not statistically significant (Fig. 6) . These results suggested that eotaxin could induce the up-regulation of selected adhesion molecules on eosinophils during the transmigration process. Since we did not find two populations of eosinophil with different expression levels of integrins in the input population used for chemotaxis, it ruled out the possibility that only the eosinophils with higher expression levels of these integrins were selected to migrate to eotaxin through the endothelial cell layer during the transmigration process (data not shown). Thus, eosinophil transendothelial migration induced by eotaxin correlates with a selective modulation of Mac-1, LFA-1 and VLA-4 expression. The elevated levels of expression on the migratory eosinophils followed the order Mac-1 Ͼ LFA-1 Ͼ VLA-4 as indicated by the mean fluorescence channel values. On endothelial cells, using the b-End2 brain endothelial cell line as a model system, ICAM-1 and ICAM-2 were found to be expressed at a high level, and VCAM-1 was expressed at a low level, but no significant changes in their expression occurred after stimulation with eotaxin (data not shown).
Different concentrations of eotaxin are required for the upregulation of integrins on eosinophils
To determine whether the changes observed in the expression of the adhesion molecules mentioned above on eosinophils were the result of direct eotaxin action rather than events secondary to cell-cell interaction with endothelial cells (22) , eotaxin was tested for its capacity to directly induce changes in the surface expression of these molecules. Stimulation of eosinophils directly with eotaxin in the absence of endothelial cells resulted in statistically significant up-regulation of the expression of Mac-1, LFA-1 and VLA-4, but not ICAM-1 on eosinophils (Fig. 7A) . This expression up-regulation induced by eotaxin was dose dependent in the range of 2-500 ng/ml (after 1 h of incubation; Fig. 7A ). Since the eotaxin-mediated modulation of adhesion molecule expression on eosinophils was similar regardless of the presence or absence of endothelial cells, we can exclude the possibility that eotaxin-mediated up-regulation of adhesion molecules is a consequence resulting from their migration across endothelial cells (Fig. 3)  (5,23) . Eotaxin-induced Mac-1 expression occurred already at a low concentration of eotaxin, whereas the increase of LFA-1 expression required higher concentrations (Fig. 7A) . In addition, the increase (~47% total increase of mean fluorescence channel MFC) of Mac-1 expression was higher than that (27% in total increase) of LFA-1 expression at any dose of eotaxin stimulation (Fig. 7A) . Although eotaxin was shown to have an effect on expression of these molecules already at 2 ng/ml, significant chemotactic activity of eotaxin was only achieved from 10 to 500 ng/ml, suggesting that a certain level of adhesion molecule expression or engagement of some other system (e.g. cytoskeletal rearrangement) is essential for chemotactic migration.
Eotaxin induces a rapid up-regulation of β 2 integrin expression and a delayed up-regulation of VLA-4
Studies on the kinetics of expression up-regulation for the three adhesion molecules studied above (Mac-1, LFA-1 and VLA-4) on eosinophils were conducted using a fixed concentration of eotaxin (200 ng/ml; Fig. 7B ). Small changes, if any, in the expression of all three molecules were observed after incubation with eotaxin at 37°C for 10 min. However, the expression of the two β 2 integrins was increased after 30 min of stimulation (Fig. 7B) , reached a peak after 1 h of stimulation, declining 2 h later. In contrast, VLA-4 expression showed a steady increase up to 2 h after stimulation with eotaxin (Fig. 7B ).
Discussion
We have been interested in the molecular and cellular mechanisms that result in the highly selective accumulation of eosinophils during allergic inflammatory reactions. The discovery, cloning and study of eotaxin has been a key step in the understanding of this process due to the specificity and efficacy of this CC chemokine on eosinophil migration (6, (23) (24) (25) . In addition, eotaxin has patterns of mRNA and protein expression during allergic inflammatory reactions that are well correlated with the accumulation of eosinophils in the target organ (6, 26) . Recent studies, using genetic-deficient mice or treatment with neutralizing mAb suppresses lung eosinophilc inflammation (6,7), suggest a pivotal role of this chemokine in this event.
The rationale for the work presented here is based on the assumption that eotaxin exerts its specific task of recruiting eosinophils to the inflammatory site by inducing the activation/ up-regulation of certain combination(s) of adhesion receptor that allow(s) eosinophils to go across an endothelial barrier allowing them to migrate preferentially at inflammation sites. This rationale has its origin in a hypothesis proposed by others based mainly on elegant in vitro studies (27, 28) . Moreover, clinical studies have further supported this hypothesis in that eosinophils at inflammation sites express considerably elevated levels of CD11b, ICAM-1 and HLA, whereas non-recruited blood eosinophils do not express those molecules (22, 29) . It has been our intention to answer as many questions as possible using in vivo models because we are well aware of the complexity of the leukocyte migration process and the difficulty of reproducing it entirely in vitro (28, 30) . The use of adhesion receptor-deficient mice has allowed us to examine molecules and cellular processes as they occur in vivo during acute inflammatory events. On the other hand, we have also taken advantage of informative in vitro transendothelial migration assays that allowed us to perform mechanistic experiments in a more controlled assay system (19, 20) .
Eosinophils express L-selectin as well as ligands for Pselectin and E-selectin (1,2). We have found that the absence of L-selectin does not affect eotaxin-induced eosinophil accumulation in the peritoneum, whereas in the absence of P-selectin eotaxin-induced eosinophils recruitment is delayed and suboptimal when compared to that observed in wildtype mice (Fig. 2) . Although 2 h after eotaxin administration eosinophil recruitment was basically absent in P-selectindeficient mice, 6 h after the administration of this chemokine there was a significant degree of eosinophil recruitment (Fig. 2) , suggesting that other molecules compensated partially for the loss of P-selectin at later time points. Among the possible surface molecules, E-selectin and ICAM-1 seem to contribute to the delayed recruitment of eosinophils as both P-selectin/E-selectin or P-selectin/ICAM-1 double mutants examined 6 h after eotaxin administration exhibited a marked reduction in eotaxin-induced accumulation of eosinophil (Fig. 2) . These molecules are likely to participate at Pennsylvania State University on February 23, 2013 http://intimm.oxfordjournals.org/ Downloaded from at different stages of the eosinophil extravasation process: P-selectin is dominant at early stages in the initial rolling process (tethering), whereas E-selectin participates later in eosinophil tethering/rolling. This is consistent with the observation that E-selectin is only expressed several hours after induction (31) . In this regard, others have shown an anti-Eselectin mAb only effectively inhibited the accumulation of neutrophils in both the peritoneum and lung at time points later than 4 h after the induction of an inflammation (32) . This correlates with the fact that accumulation of eosinophils in the peritoneum of E-selectin-deficient mice in response to eotaxin is more impaired at late time points (6 h) than at early time points (2 h) after eotaxin administration (Fig. 2) . ICAM-1-mediated interactions also took part in reinforcing eosinophil interactions to the endothelium, since in the double-mutant P-selectin/ICAM-1 eosinophil accumulation was completely abrogated at any time point (Fig. 2) . These observations support our previous data that ICAM-1 and VCAM-1 were required in vivo for the accumulation of eosinophils in the lung in a murine model of lung allergic inflammation (6) .
However, the kinetics of eosinophil accumulation is different in these two mutants in that whereas in the ICAM-1-deficient mice injection of eotaxin results in impaired eosinophil accumulation in the peritoneum which is slightly more pronounced at early time points (non-significant difference), in the VCAM-1 mutant it is at later time points when the genetic deficiency results in a more pronounced impairment (reduction in eosinophil accumulation was~25% of wild-type levels at 2 h and 50% of wild-type levels at 6 h after eotaxin injection, statistical significance P Ͻ 0.05). Interestingly this observation correlates with the kinetics of eotaxin-induced up-regulation of expression for the ligands for these molecules. Thus, eotaxin-induced up-regulation of CD11 on eosinophils was maximal at 1 h, whereas that of VLA-4 reached a peak after 2 h (Fig. 7B) . Since eosinophils used in this study were purified from IL-5 transgenic mice (33) , it is possible that the expression of some adhesion molecules on eosinophils has been elevated to some degree as a consequence of the exposure to IL-5. We found that eotaxin can further elevate the expression level of adhesion molecules on IL-5 transgenic eosinophils, strongly suggesting that a high level of adhesion molecule expression on eosinophils might be required for the eotaxin-induced transmigration through endothelial cells, leading to selective recruitment.
The interpretation of these phenotypes does not allow us to determine if the impairment in eotaxin-induced peritoneal eosinophilia in mutant lacking these adhesion molecules reflects the participation of eotaxin in the rolling as well as in the sticking of eosinophils to the endothelial walls (34) . Alternatively, activating events mediated by eotaxin could be involved solely in the sticking process and the phenotype observed in some mutant mice reflects the need of previous interactions (tethering, initial rolling) that are not eotaxin dependent for the proper action of eotaxin in the sticking step per se. Experiments are underway to determine further the specific participation of each one of the adhesion receptors studied here in eotaxin-mediated rolling and sticking of eosinophils.
These adhesion molecules are central for the action of chemokines other than eotaxin. Results from a parallel study have shown that the lack of, at least, L-selectin, P-selectin and/or ICAM-1 has a similar impact on the recruitment of eosinophils to the peritoneum in response to MIP-1α injection (data not shown)
We also examined the adhesion receptors that are essential during the eotaxin-induced eosinophil transendothelial migration in vitro. The blockade of specific adhesion receptors in the in vitro assay revealed which adhesion receptors are essential for this process. We found that (i) eotaxin alone is able to support transendothelial migration in vitro (Fig. 3) , (ii) eotaxin up-regulates the expression and functional activity of the adhesion receptors indicated below on eosinophils directly rather than acting indirectly through endothelial cells (Figs 4 and 7A) , and (iii) transendothelial migration of eosinophils to eotaxin is mainly CD11b (Mac-1) dependent, and to a lesser extent CD11a (LFA-1) (Figs 4 and 5) and VLA-4 ( Fig. 5 ) dependent. The effect of eotaxin on eosinophils during the transmigration process started at the early step of increasing adherence (Fig. 4) . The increase in the expression of integrins on eosinophils induced by eotaxin is still observed in the presence of an inhibitor of protein synthesis, cycloheximide (data not shown), but to a lesser extent, indicating that a certain amount of integrins increased on the eosinophil surface transported from cell granules. The eotaxin-induced eosinophil transendothelial migration correlated with an increase in the expression of CD11a and CD11b, and to a less extent of VLA-4, after eotaxin pretreatment in vitro (Fig. 7A) (21, 35) . This observation could be related to previous reports that showed that eosinophils infiltrating the bronchial submucosa of asthmatics with air flow limitation have strongly up-regulated expression of CD11a, CD11b and VLA-4 (36). We have previously reported that lung epithelial cells express high levels of eotaxin protein during the development of an allergic response (6, 37) . Thus, it is most likely that in vivo eosinophils are exposed to eotaxin and this could account for their up-regulation of adhesion molecule expression. In this study, the elevated levels of expression of these three adhesion receptors on eosinophils were dependent on the dose of eotaxin, notably that of CD11b (Fig. 7B) . This is in contrast to RANTES, another CC chemokine that supports chemotaxis of eosinophils in vitro (38) , but does not induce the up-regulation of CD11/CD18 (20) , suggesting that the mechanism of RANTES-induced eosinophil migration is different from that of eotaxin-induced eosinophil migration.
In summary, we have dissected the adhesion receptors that are involved in the recruitment of eosinophils mediated by eotaxin in vivo and in vitro. Our work reveals that (i) eotaxin alone is able to induce eosinophil transendothelial migration in vivo and in vitro; and (ii) eotaxin function in vivo and in vitro relies mainly on Mac-1/ICAM-1 interactions and on VLA-4/ VCAM-1 interactions at later time points of the recruitment process. These results imply that Mac-1 and LFA-1 might play an important role in eotaxin-induced eosinophil transmigration, whereas VLA-4 could play a more important role at later stages of this response.
